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Abstract: Lung transplantation is an established treatment for patients with end-stage lung disease. 
It has been observed that despite near-normal lung function, exercise intolerance and reductions in 
quality of life often persist up to years after transplantation. Several modifiable pre- and post-
transplant factors are known to contribute to these persisting impairments. Physiological changes 
associated with severe and chronic lung disease, limb muscle dysfunction, inactivity/deconditioning, 
and nutritional depletion can affect exercise capacity and physical functioning in candidates for lung 
transplantation. Following transplant, extended hospital and intensive care stay, prolonged 
sedentary time and persisting inactivity, immunosuppressant medications and episodes of organ 
rejection may all impact the lung recipients’ recovery. Available evidence will be reviewed and 
content will be proposed (both evidence and experience based) for rehabilitation interventions prior 
to transplantation, during hospitalization following transplantation, and in both the immediate (up to 
12 months after hospital discharge), and long-term (longer than 12 months after hospital discharge) 
post-transplant phase. Outpatient rehabilitation programs including supervised exercise training 
have been shown to be effective in improving limb muscle dysfunction, exercise capacity, and quality 
of life both pre- and post-transplant, if offered appropriately. Unmet research needs included the 
absence of sufficiently powered RCTs measuring effects of rehabilitation interventions on crucial 
long-term outcomes such as sustained improvements in QOL, participation in daily activity, survival, 
incidence of morbidities and cost-effectiveness. Remotely monitored (tele-health) home based 
exercise, or pedometer based walking interventions might be interesting alternatives to supervised 
outpatient rehabilitation interventions in the long-term post-transplant phase that warrant further 
investigation. 
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Lung transplantation is an established treatment for patients with end-stage lung disease.[1] 
During the last two decades, considerable advances in organ preservation, surgical techniques, 
immunosuppression and antibiotic therapy have contributed to improvement in postoperative 
survival. Adults who underwent primary lung transplantation in the era January 1990 through June 
2012 (n = 41,767) had a median survival of 5.7 years.[2] Centers performing more than 20 surgical 
procedures annually achieve significantly better outcomes than centers performing less 
transplantations.[3] With increasing survival rates after lung transplantation more attention has been 
directed towards the importance of improving exercise capacity, independent functioning and quality 
of life in these patients.[4-6] 
It has been observed that despite near-normal lung function, exercise intolerance and reductions in 
quality of life often persist up to years after transplantation.[4;5;7-14] Despite of substantial 
improvements in general quality of life in comparison with pre-transplant values patients keep 
reporting limitations in daily physical functioning after transplantation[4;5]. These persistent 
impairments despite almost complete restoration of lung function after surgery underscore the 
relevance of extra-pulmonary factors in patients undergoing lung transplantation.[15] Several 
aspects that might be addressed by rehabilitation interventions are known to contribute to these 
persisting impairments. Physiological changes associated with severe and chronic lung disease, limb 
muscle dysfunction, inactivity/deconditioning, and nutritional depletion can affect exercise capacity 
and physical functioning in candidates for lung transplantation.[16] Following transplant, extended 
hospital and intensive care stay, prolonged sedentary time and persisting inactivity, 
immunosuppressant medications and episodes of organ rejection may all impact the lung recipients’ 
recovery in terms of exercise tolerance and quality of life.[16]  
An important contributor to the persisting reductions in exercise capacity is peripheral muscle 
dysfunction[8;11;17-20]. Reduced muscle mass and reductions in quadriceps strength are 
consistently observed in the pre-transplant period and these reductions have been shown to persist 
up to three years into the post-transplant period.[21] Many lung-transplant recipients report leg 
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fatigue as their main symptom limiting exercise as opposed to shortness of breath (dyspnea) which is 
reported as the main limiting symptom by most patients before undergoing surgery.[22] Structural 
and functional alterations similar to those found in patients with COPD, including reductions in type I 
fibers and altered oxidative enzymes favouring anaerobic metabolism, have been identified in lung 
recipients with various lung diseases.[13;22;23]  
Long term use of corticosteroids, which has been associated with limb muscle atrophy and 
myopathy,[24;25] and immunosuppression with calcineurin inhibitors, which has been shown to 
negatively impact on mitochondrial respiration and muscle remodelling,[26;27] may further 
contribute to the limb muscle dysfunction and impairments in exercise capacity after 
transplantation.[16]  
Based on objective, accelerometry-based activity monitor measurements it has been shown that 
candidates for lung transplantation are markedly inactive in daily life.[28;29] After a further increase 
in sedentary behaviour during hospitalization and inactivity comparable to pre-transplant values 
immediately following hospital discharge, participation in daily activities increases beyond three and 
6 months post-transplant,[30;31] but remain reduced in comparison with healthy age matched 
controls up to one year post-transplant (Figure 1).[30;32]  Daily step count, standing time and 
moderate-intense activity of lung recipients one year after transplantation were shown to be 
reduced by 42%, 29% and 66%, respectively, relative to controls.[32] These reductions in 
participation in daily physical activity were associated with impairments in physical fitness and health 
related quality of life.[32] 
 5 
 
   
Figure 1. Participation in daily physical activity in patients before (Pre-LTX) and 1 year after (1yPost-
LTX) lung transplantation in comparison with healthy, age-matched control subjects (Healthy). Daily 
step count is illustrated in the left panel and time spent in activities requiring more than 2 metabolic 
equivalents (METs) is summarized in the right panel. Percentages given above Pre-LTX and 1yPost-
LTX columns refer to averages in these groups expressed relative to healthy controls. Graphs 
constructed with data from references 28 and 32.   
 
Increased participation in daily physical activity after transplantation might be beneficial to improve 
exercise capacity and to reduce the risk of developing some highly prevalent morbidities after solid 
organ transplantation, such as osteoporosis, muscle dysfunction, and metabolic/cardiovascular 
abnormalities.[2] Increased participation in physical activity and associated health effects could be 
either achieved by supervised exercise training interventions in the early post-transplant period or by 
lifestyle physical activity programs, such as for example pedometer based walking interventions, in 
the later post-transplant period. Weight gain after transplantation is a common problem, and 
 6 
 
metabolic/cardiovascular morbidities such as hypertension, diabetes, and hyperlipidemia, which 
might be modifiable by physical activity and exercise, rank among the 5 most common morbidities 
after lung transplantation.[2;33] 
Given these persisting impairments and limitations, rehabilitation programs including exercise 
training should definitely have a role in improving exercise tolerance, physical activity levels, 
peripheral muscle function, and physical functioning in these patients. In the following paragraphs 
the available evidence for rehabilitation interventions before transplantation, during hospitalization 
following transplantation, and in the early (up to 12 months after hospital discharge), and late 
(greater than 12 months after hospital discharge) post-transplant phase, will be reviewed. Both 
evidence and experience based content for rehabilitation interventions will be proposed and 
recommendations for further research will be made. 
Pre-LTX 
Rehabilitation plays an important role in the management of patients preoperatively.[15] 
Pretransplant pulmonary rehabilitation can help individuals to maintain or optimize their functional 
status before surgery.[34] This seems valuable given the observed further reductions in peripheral 
muscle strength, and slow spontaneous recoveries of exercise capacity and physical activity that are 
observed in the immediate postoperative phase following hospital discharge (up to 12 months post-
transplant), despite of immediate reductions in breathlessness and patients no longer being limited 
by ventilatory impairments (Figures 2 and 3).[21;28;30]  
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Figure 2. Maximal isometric quadriceps strength (QF, left panel) and six-minute walking distance 
(6MWD, right panel) expressed as percentage of normative reference values specific to demographic 
characteristics of participants (%pred) in a cohort of patients that was longitudinally assessed before 
(Pre), immediately following hospital discharge after (Post), three months (3mPost), and 12 months 
(1yPost) after lung transplantation. One part of this cohort was randomly allocated to receive a 
supervised exercise training program during the first three months following hospital discharge 
(Training), the other group (Control) received usual care. Graphs constructed with data from 
reference 30.     
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Figure 3. Daily time spent walking (Walking, left panel) and daily time spent in activities requiring at 
least 3 metabolic equivalents (6MWD, right panel) expressed as percentage of normative reference 
values specific to demographic characteristics of participants (%pred) in a cohort of patients that was 
longitudinally assessed before (Pre), immediately following hospital discharge after (Post), three 
months (3mPost), and 12 months (1yPost) after lung transplantation. One part of this cohort was 
randomly allocated to receive a supervised exercise training program during the first three months 
following hospital discharge (Training), the other group (Control) received usual care. Dashed lines 
represent average values observed in healthy, age-matched control subjects. Graphs constructed 
with data from references 28, 30, and 32. 
 
Rehabilitation can further provide patients with a comprehensive knowledge base regarding the 
upcoming surgery, potential complications, and the impact of post-operative medications.[34] Since 
impaired exercise capacity is a predictor of thoracic surgery outcomes and survival, rehabilitation 
might have the potential to improve surgical outcomes.[15] These potential benefits of pre-
transplant rehabilitation are also acknowledged in the latest joint official ATS/ERS statement on 
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pulmonary rehabilitation.[35] Despite of the high disease severity in candidates for lung 
transplantation pre-transplant rehabilitation has consistently been shown to be feasible and capable 
of improving functional exercise capacity and quality of life if offered appropriately.[36-38] In a 
cohort of 345 candidates for lung transplantation Li and colleagues found that every 100-m increase 
in 6-minute walking distance was associated with a 2.6 day decrease in median hospital length of 
stay.[39] No formal guidelines exist regarding the optimal methods for exercise training and 
educational components of pulmonary rehabilitation programs for patients preparing for lung 
transplantation. In the absence of comparative studies and sufficient evidence it might therefore be 
advisable to follow general recommendations for outpatient pulmonary rehabilitation programs. 
These should include multi-modality aerobic and strength exercise training of the lower and upper 
limbs on 2-3 days per week for at least 6-8 weeks at the highest tolerable intensity guided by 
symptoms.[15] Inspiratory muscle training might also be useful in selected patients with pronounced 
inspiratory muscle weakness. Patients should be closely monitored and the underlying disease for 
which the patient is undergoing transplantation should be taken into account.[34] In general, 
individuals have severe exercise limitation and gas exchange disturbances and often experience 
severe symptoms of dyspnea during activities.[35] Exercise modalities that reduce ventilatory needs 
in comparison with whole body endurance training like Interval training,[36;40] resistance 
training,[41] or one-legged exercise,[42] might be useful to ensure optimal stimulation of limb 
muscles during training sessions.[43] In the absence of formal guidelines suggested content of 
exercise training and education before transplantation as recently proposed by Rochester et al is 
presented in Tables 1 and 2. Larger studies will be needed to determine the efficacy of different 
exercise regimens on functional capacity and post-transplant recovery. The role of resistance training 
(possibly combined with nutritional interventions) to improve muscle strength and muscle mass, 
particularly in frail patients in the pre-transplant phase, and the impact of this intervention on post-
transplant recovery, has not been explored so far. These aspects were recently identified as 
important future areas of study by an international expert panel.[16] 
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Table 1. Suggested educational content of rehabilitation before lung transplantation. Table content 
adapted from Rochester et al.[34]  
Educational Topics before transplantation: 
- Familiarization with the surgical procedure 
- Preparation for the perioperative period: 
 Secretion management 
 Controlled coughing techniques 
 Incentive spirometry 
 Chest tubes 
 Wound and pain management 
 Importance of early mobilization 
Disease-specific education topics: 
- Anatomic and physiologic basis of symptoms 
- Importance and proper use of supplemental oxygen therapy 
- Benefits and risks of PH-specific pharmacologic therapy 
- Management of ADLs 
○ Pacing, energy conservation, and when to stop exercise 
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Table 2.  Suggested elements of exercise training during rehabilitation before lung transplantation. 
Table content adapted from Rochester et al.[34]  
 
Hospitalization following transplantation 
Not much research has been performed concerning the rehabilitation of patients during 
hospitalization in the early preoperative period. Most of the suggested elements of rehabilitation 
during hospitalization formulated in this paragraph are therefore consensus or experience based. The 
importance of early (starting 24h postoperatively) mobilization on the ICU is being increasingly 
recognized.[44;45] Even though not formally studied treatment principles of early mobilization are 
probably very useful in the lung-transplant population with their known pre- and post-transplant 
limb muscle dysfunction. Intensive care unit (ICU)-acquired weakness is a highly prevalent problem 
that is related to the duration of mechanical ventilation, use of sedative agents, neuromuscular 
Elements of exercise training during rehabilitation before transplantation: 
- Begin with initial evaluation that examines hemodynamic stability, oxygen requirements, 
bone health, body mass index, medical comorbidities, respiratory mechanics, and overall 
functional capacity. 
- Complete patient assessment using psychological, health-related and generic (e.g. SF-36) 
QOL measures, shortness of breath questionnaires, manual muscle testing, and 6MWT. 
- PR should consist of exercise training, including progressive aerobic exercise and 
upper/lower extremity strengthening under close supervision and continuous monitoring. 
- Exercise should begin at low intensity and be progressed gradually to the highest capacity 
tolerated by the individual, maintaining adequate oxygenation during activity. 
- Place strong emphasis on patient/caregiver education, as well as psychological, dietary and 
occupational therapy support. 
- Frequent reassessments are necessary because of the progression of the underlying lung 
disease; close communication with patients’ health care providers outside PR is essential. 
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blockers, corticosteroids, and reduced physical activity resulting from immobilization in patients 
admitted to the ICU.[46;47] Reductions in muscle mass and muscle strength occur early after 
admission to the ICU and are associated with long-term functional disability,[48] and increased 
mortality.[47]. Early active muscle training would be an ideal treatment to attenuate this intensive 
care unit-acquired weakness. Active lower limb resistance training has previously been shown to be 
an effective and feasible treatment option in severely disabled patients.[41]  In the early post-
operative phase however, a large proportion of patients are unable to participate in any active 
mobilization. Neuromuscular electrical stimulation (NMES) might be an alternative treatment 
strategy to prevent deterioration of muscle function in the very early post-surgical phase.[49] After 
leaving the ICU a progressively more active treatment approach should be adopted focusing mainly 
on building sufficient lower extremity strength, balance, and gait to ensure patient safety and 
minimize the risk of falls prior to hospital discharge. Suggested content of rehabilitation during 
hospitalization after transplantation is summarized in Table 3. 
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Elements of rehabilitation during hospitalization after transplantation: 
- Begin approximately 24 hours postoperatively, with an emphasis on early mobilization (e.g. 
bed cycle, NMES), breathing exercises, secretion clearance, and posture improvement 
- Early inpatient postoperative rehabilitation should include breathing retraining, reassessing 
supplemental oxygen requirements, balancing activities, building upper and lower extremity 
range of motion, and managing any neuropathic pain 
- Because of incisional pain and the denervated cough reflex of the donor lung, patients 
require direction and encouragement to cough 
- At a later stage begin with transfers from bed to chair and start ambulation using a 
specialized walker, with careful management of chest tubes and pain 
- Exercise progression should gradually incorporate lower limb resistance training.  
- Lifting and upper limb range of motion precautions and limitations persist up to 6 weeks 
postoperatively dependent on the type of surgical approach.  
- Ensure that lower extremity strength, balance, and gait are sufficient to ensure patient 
safety and minimize the risk of falls before hospital discharge 
- Necessary medical and adaptive equipment should be provided at discharge 
Table 3.  Suggested elements of rehabilitation during hospitalization after lung transplantation. Table 
content adapted from Rochester et al. [34]  
 
Immediate post-transplant phase (hospital discharge up to 12 months post-transplant) 
Despite of the well documented persisting physical impairments, increased risks for cardiovascular 
disease and the general belief that exercise training has potential for both short- and long-term 
benefits in this population, there is a lack of randomized controlled trials on exercise training for 
transplant recipients.[16;50] In a recent systematic review examining the health benefits and risks 
associated with exercise following solid organ transplantation only 15 RCTs were identified across 
kidney (n=2), liver (n=1), heart (n=9) and lung (n=3) transplant populations.[51] 
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Two of the three RCTs conducted after lung transplantation were performed in the immediate post-
transplant phase.[30;52]Langer et al. investigated the effects of a supervised exercised training 
intervention following general recommendations for outpatient pulmonary rehabilitation programs. 
The intervention involved 12 weeks of high intensity, symptom guided, lower limb endurance and 
resistance training starting immediately after hospital discharge (n=18).[30] Three weekly sessions of 
this intervention were compared with a standard medical care control group receiving instructions 
on increasing daily physical activity (n=16). Mitchell and colleagues focused on osteoporosis as a 
highly prevalent morbidity and studied the effects of a supervised, 6-months lumbar extension 
exercise training program (n=8), initiated 8 weeks after hospital discharge on bone mineral density of 
the lumbar vertebrae in comparison with a usual care group (n=8).[52] In both studies significant 
between group differences after the intervention were found. While the benefits in Mitchells study 
were confined to improvements in bone mineral density, Langer and colleagues could demonstrate 
between group differences in several outcomes. Peak workrate during a maximal incremental 
cardiopulmonary cycle exercise test, 6-minute walking distance (Figure 2), quadriceps strength 
(Figure 2), participation in daily physical activity (Figure 3), and physical functioning and role 
limitations domains of QOL were significantly higher in patients who participated in the exercise 
program up to one year after transplantation.[30] 
Three further cohort studies investigated the effects of 8-12 weeks of endurance (n=8),[53] or 
combined endurance and resistance training (both n=36),[54;55] in the immediate post- hospital 
discharge period. In these studies significant improvements in peak oxygen consumption,[53] 6-
minute walking distance,[54;55]  limb muscle strength,[54;55]  and quality of life,[55] were found. 
Findings from cohort studies obtained in this phase after transplantation however need to be 
interpreted with caution. In the absence of a control group it is not possible to differentiate the 
effects of the intervention from the considerable improvements that occur spontaneously during this 
period (see Figures 2 and 3).   
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Elements of rehabilitation in the immediate post-transplant phase: 
- Outpatient PR may resume immediately after hospital discharge. Functional capacity (eg, 
6MWT or CPET) and strength measurements should be performed to establish a 
postoperative baseline. 
- Closely monitor hygiene measures to prevent infections and reduce the risk for acute 
rejection. Patients should be encouraged to wear face masks during group outpatient PR 
sessions and to disinfect their hands as well as handles of exercise training equipment before 
and after each exercise. 
- Progress the exercise training to higher intensity and duration over time (patients are no 
longer limited by ventilatory impairments) 
- Monitor comorbidities such as diabetes and osteoporosis; activities that include excessive 
flexion and rotation should be avoided to reduce the risk of possible vertebral compression 
fracture. Blood glucose must be carefully monitored, because adjustments may occur 
frequently as a result of the influx of multiple postoperative medications and corticosteroids 
- Lung recipients are prone to developing tendinopathies.{Chhajed, 2002 6772 /id;Barge-
Caballero, 2008 6773 /id} Monitor symptoms closely and avoid overburdening tendons by 
repetitive tasks against high resistances. Make use of interval exercises, sufficient warm-up 
and stretching procedures to avoid injuries 
 
In summary there are indications from several small, single-center studies that outpatient 
rehabilitation involving supervised exercise training might be beneficial for patients to improve 
clinically relevant outcomes in the immediate post-transplant phase. The availability of high quality 
RCTs is however limited. None of the existing RCTs measured effects of exercise training on crucial 
long-term outcomes such as sustained improvements in QOL and participation in daily activity, 
survival, incidence of morbidities and cost-effectiveness.[16] Sufficiently powered, high quality, 
multicentre RCTs are needed to address these important issues. Cohort studies in this patient group 
offer limited information because of the considerable natural recovery that is observed in the 
immediate post-transplant phase. Suggested content of rehabilitation in the immediate post-
transplant phase is summarized in Table 4. 
Table 4.  Suggested elements of rehabilitation in the immediate post-transplant phase. Table content 
adapted from Rochester et al. [34] 
 16 
 
 
Long term post-transplant phase (greater than 12 months post-transplant) 
One RCT compared the effects of a 4-week inpatient pulmonary rehabilitation program (n=30) in 
comparison with an outpatient physiotherapy group (n=30) in long term survivors of lung 
transplantation (average post-transplant time of participants = 234 weeks).[56] No significant 
between group differences in exercise capacity or quality of life were reported. Both groups achieved 
significant within group improvements (both p<0.001) in 6MWD (45m in intervention and 24m in 
control group). Whether the absence of between group differences was due to the short intervention 
period (4 weeks) or the ‘active’ control intervention is unclear. While the intervention group 
consisted of combined endurance and resistance exercises for the upper and lower limbs, the control 
group also involved a ‘cardiovascular exercise’ component. Training intensity of exercises was 
however unfortunately not specified for either of the two groups.  
Three cohort studies in the long-term post-transplant phase all demonstrated positive effects of 
exercise training on muscle function and exercise capacity.[57-59] Stiebellehner and colleagues 
studied the effects of 6 weeks of aerobic endurance exercise on a cycle ergometer in a group of 9 
patients (average post-transplant time = 52 weeks). Patients trained on 3-5 days a week starting at 
60 minutes and building up to 120 minutes per week at 60% of their maximum heart rate reserve. 
Patients achieved statistically significant improvements in maximal exercise capacity and minute 
ventilation at iso-workrate. Another interesting feature of the study was the fact that patients were 
followed for six weeks during their daily activities prior to starting the exercise training intervention. 
In contrast to patients in the immediate post-transplant phase no spontaneous improvements were 
observed during this run-in period lending more credibility to cohort studies in this population 
(Figure 4). 
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Figure 4. Peak oxygen uptake (top panel) and peak workrate (bottom panel) over a study period of 
12 weeks (6 weeks run-in and 6 weeks aerobic endurance training).  Values are mean±SEM. Asterisk 
indicates p<0.05 in comparison with baseline. Graph adapted from Stiebellehner et al.[59] 
 
Two other studies demonstrated positive effects of a home-based cycle endurance training program 
in a group of 12 lung recipients (average post-transplant time 156 weeks). Patients trained three 
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times a week for 30 minutes starting at 50% and building up to 80% of their peak workrate for a 
duration of 3 months. They were monitored by phone calls and training sessions were remotely 
supervised with heart rate monitors. In addition to significant improvements in endurance time and 
quality of life, the authors could also observe specific structural and functional changes in the limb 
muscles of these subjects after training. These included improvements in mitochondrial function,[57] 
increased muscle strength,[58] an increase in oxidative, type I muscle fibers,[58] and increases the 
diameter of type II muscle fibers.[58] Structural adaptations observed in limb muscles were 
comparable to those observed in healthy control subjects after a similar training intervention.[57] 
Chronic rejection is a widespread problem that frequently occurs in the long term post-transplant 
phase in these patients.{Verleden, 2009 6771 /id} It is diagnosed based on a worsening of expiratory 
flow limitation and results in increased symptoms of dyspnea, reductions in functional exercise 
capacity and quality of life.{Langer, 2013 6770 /id;Verleden, 2009 6771 /id} Referring these patients 
to a supervised outpatient rehab program might be a viable treatment option to improve symptoms 
and daily functioning. This has however not been formally studied so far.     
In summary, these data obtained from small single center studies indicate that (given a sufficient 
training duration and intensity) improvements in exercise capacity and limb muscle function seem 
achievable in the long-term post-transplant phase. Home-based training with remote monitoring 
may be a useful alternative to fully supervised outpatient rehabilitation programs in these 
patients.[58] This might be especially useful given the large distances that many patients have to 
cover to attend supervised outpatient programs. Emerging tele-health interventions based on novel 
communication technologies might therefore be an especially interesting alternative for this target 
population. The effects of pedometer based walking programs have not been tested so far in this 
population and might be another interesting alternative to supervised exercise interventions. 
Conclusions and research needs 
From the limited number of single center studies performed in small samples it can be concluded  
that outpatient rehabilitation programs including supervised exercise training can be effective in 
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improving limb muscle dysfunction, exercise capacity, and quality of life both pre- and post-
transplant. Appropriate training parameters in terms of duration, frequency, and intensity seem 
necessary to achieve improvements in limb muscle function and exercise capacity. In the absence of 
comparative studies and sufficient evidence it is advisable to follow general recommendations for 
exercise training interventions during outpatient pulmonary rehabilitation programs. The short and 
long-term effects of exercise and/or physical activity interventions on the risk of organ rejection, 
survival, incidence of infections, the development of obesity, hypertension, diabetes and/or 
metabolic syndrome and on quality of life should be further explored. Remotely monitored (tele-
health) home-based exercise programs, or pedometer based walking interventions might be 
interesting alternatives to supervised outpatient rehabilitation interventions in the long-term post-
transplant phase and should be further investigated. 
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